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ABSTRACT
Context. Accurate transition probabilities for forbidden lines are important diagnostic parameters for low-density astro-
physical plasmas. In this paper we present experimental atomic data for forbidden [Fe ii] transitions that are observed
as strong features in astrophysical spectra.
Aims. To measure lifetimes for the 3d6(3G)4s a 4G11/2 and 3d
6(3D)4s b 4D1/2 metastable levels in Fe ii and experimental
transition probabilities for the forbidden transitions 3d7 a 4F7/2,9/2 – 3d
6(3G)4s a 4G11/2.
Methods. The lifetimes were measured at the ion storage ring facility CRYRING using a laser probing technique.
Astrophysical branching fractions were obtained from spectra of Eta Carinae, obtained with the Space Telescope
Imaging Spectrograph onboard the Hubble Space Telescope. The lifetimes and branching fractions were combined to
yield absolute transition probabilities.
Results. The lifetimes of the a 4G11/2 and the b
4D1/2 levels have been measured and have the following values,
τ = 0.75 ± 0.10 s and τ = 0.54 ± 0.03 s respectively. Furthermore, we have determined the transition probabilities
for two forbidden transitions of a 4F7/2,9/2 – a
4G11/2 at 4243.97 and 4346.85 A˚. Both the lifetimes and the transition
probabilities are compared to calculated values in the literature.
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1. Introduction
The cosmic abundance of iron is relatively high compared
to other iron group elements and the spectrum of singly
ionized iron, Fe ii, is a significant contributor to the spec-
tral opacity of the sun and hotter stars. The complex en-
ergy level structure of Fe ii makes the spectrum extremely
line rich and it has been studied in great detail with
more than 1000 energy levels identified in the literature
(Johansson2009).
Fe ii lines are observed in the spectra of a wide vari-
ety of astronomical objects, and there is a considerable
demand for accurate atomic data for this ion. To meet
the accurate data requirements of modern astrophysics,
a program was initiated to supply the astronomical com-
munity with reliable atomic data: The FERRUM-project
(Johansson et al. 2002). The aim of this international col-
laboration is to measure and evaluate astrophysically rel-
evant experimental and theoretical transition data for the
iron group elements.
There are 62 metastable levels in Fe ii. The parity for-
bidden lines from some of these levels are observed as
prominent features in astrophysical low density plasmas,
such as nebulae, H ii regions and circumstellar gas clouds.
However, metastable levels have radiative lifetimes several
orders of magnitude longer than other levels and are thus
more affected by collisions. Due to the absence of these lines
in laboratory spectra, the majority of forbidden line transi-
tion probabilities (A-values) available in the literature are
from theoretical calculations.
There are only four metastable levels in Fe ii with lab-
oratory measured lifetimes. The a 6S5/2 and b
4D7/2 levels
have been measured by Rostohar et al. (2001) using laser
probing of a stored ion beam (a laser probing technique,
LPT). In addition, the a 4G9/2 and b
2H11/2 levels have
been measured by Hartman et al. (2003) using the LPT.
There is good agreement between Rostohar et al. (2001)
and the calculated values of Nussbaumer et al. (1981)
and Quinet et al. (1996). However, the lifetimes of
Rostohar et al. (2001) are systematically shorter than the
calculations of Garstang (1962). Hartman et al. (2003)
also combined the lifetimes of a 6S5/2, b
4D7/2 and a
4G9/2
with branching fractions (BF s) to determine experimental
A-values for forbidden transitions. Hartman et al. 2003
measured the BF s in astrophysical spectra observed in the
ejecta of Eta Carinae and presented additional theoretical
A-value calculations.
We present radiative lifetimes for the a 4G11/2 and
b 4D1/2 metastable levels in Fe ii measured using the LPT
at the CRYRING facility. In addition, BF s for two forbid-
den transitions 4243.97 A˚ and 4346.85 A˚ (a4F9/2 - a
4G11/2
and a4F7/2 - a
4G11/2) have been measured in astrophysi-
cal spectra observed in the ejecta of Eta Carinae recorded
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with the Hubble Space Telescope (HST) Space Telescope
Imaging Spectrograph (STIS). The radiative lifetimes have
been combined with the BF s to yield A-values and we pro-
vide a comparison with theoretical values in the literature.
2. Experimental Measurements
The lifetime (τ) of a level i is defined as the inverse of
the total transition probability (Aik) for all possible decay
channels from that level, according to Eq. 1, where k is
summed over all lower levels.
τi =
1
∑
k Aik
(1)
The majority of all excited levels will decay through
electric dipole (E1) transitions which typically gives a life-
time of the order of a nanosecond, but if no allowed E1
decay channels are available, i.e. the level is metastable,
the population decay has to be through higher order transi-
tions associated with magnetic dipole or electric quadrupole
terms. The probability for such a transition to occur is sev-
eral orders of magnitude smaller compared to the proba-
bility for an E1 transition which makes the lifetime of a
metastable level significantly longer, typically several mil-
liseconds, seconds, minutes or even hours.
The BF of a transition ik is defined as the transition
probability, Aik, for a single line divided by the sum of
the transition probabilities from all lines with the common
upper level. according to Eq. 2.
BFik =
Aik∑
k Aik
(2)
By combining Eqs. 1 and 2 the absolute transition prob-
ability, referred to as the A-value, of each decay channel can
be deduced according to Eq. 3.
Aik =
BFik
τi
(3)
2.1. Lifetime measurements of metastable Fe II levels
The lifetimes of the two metastable levels were mea-
sured using the LPT (Lidberg et al. 1999; Mannervik 2003;
Mannervik et al. 2005) at the ion storage ring CRYRING
at the Manne Siegbahn laboratory in Stockholm, Sweden.
The LPT has been developed and refined during several
years and has been used to measure lifetimes ranging
from 3.4 ms in Xe ii (Lidberg et al. 1997) to 89 s in Ba ii
(Gurell et al. 2007).
A hot ion source is used to produce ions that can be
extracted and injected into the storage ring. Once inside
CRYRING, singly charged ions may be stored for several
minutes at 40 keV and investigated in this ultra high vac-
uum environment with a background pressure lower than
10−11Torr. For the experiment described in this paper Fe+
ions were produced in a Nielsen ion source used in combi-
nation with an oven filled with FeCl2. By heating the oven
to approximately 400◦C and running the ion source with
argon as a carrier gas it was possible to extract and store
a current of Fe+ ions as high as 4µA in CRYRING.
Ions in excited states will decay as they are being stored
and by passively monitoring the excited level population,
Fig. 1. Probing scheme for the two levels studied. The pop-
ulations of the metastable levels, shown in the left side of
the figure, were probed through excitation to the higher ly-
ing levels in the middle of figure. Once in the higher lying
excited levels the populations decay to lower lying levels,
shown in the right side of the figure. The intensity of this
fluorescence is detected and used as a relative measure-
ment of the original population of the metastable level un-
der study. See the text for references to the cited A-values.
a decay curve can be constructed. However, the low in-
tensity of forbidden transitions is hard to detect directly
since the emission is spread out over the 52m length of the
storage ring and spread across the 4pi solid angle. A LPT
in combination with a Doppler tuning device (DTD) was
used to increase the strength of the signal. The LPT probes
the population of the metastable level by laser–inducing a
transition to a higher lying short lived level. Within a few
ns this level will decay to another lower lying level and the
fluorescence originating from that transition is used as an
indirect measurement of the population of the metastable
level at the time of the probe pulse’s arrival. The probing
scheme used in this study is shown in Fig. 1 with A-values
from Baschek et al. (1970), Kostyk & Orlova (1982) and
Ralchenko et al. (2008) and energy levels from Johansson
(1978).
The DTD was used to locally accelerate the ions in front
of our detector, thereby inducing a Doppler shift. A narrow
band ring dye laser was used to tune the resonance of the
ions within the small volume of a few cm3 that constitutes
the DTD. This technique forces the probing as well as the
following rapid fluorescence to occur in front of the detector
which greatly enhances the photon count.
We used a Coherent 699-29 ring dye laser, operated with
a Rhodamine 6G dye and pumped by a Coherent Innova
400-25 argon laser, to produce laser light with the desired
wavelengths of 5985 and 6143 A˚. The fluorescence was mon-
itored with a Hamamatsu R585 photomultiplier tube in
front of which an optical filter was mounted in order to
reduce the background signal coming from scattered laser
light.
The populations of the metastable levels under study
were probed as a function of delay time after ion injection.
Every fourth ion injection was used to measure the laser
induced fluorescence at a fixed time after injection in or-
der to make sure that the initial population of the level of
interest did not change during the data acquisition time.
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2.1.1. Collisional quenching
The small amount of residual gas in the storage ring
gives rise to collisional quenching of the metastable levels.
Therefore, it is necessary to measure the decay rate of the
level population as a function of pressure and extrapolate
to zero pressure in order to get the pure radiative decay
rate. The decay rate has a linear dependence and the ex-
trapolation can be determined with a Stern-Vollmer plot
(Demtro¨der 1996). In practice this is achieved by allowing
the residual gas pressure inside CRYRING to be varied by
heating a non-evaporative getter pump, which releases pre-
viously absorbed rest gas thereby increasing the pressure
slightly. The operating pressure inside CRYRING is out of
the range of standard vacuum meters and a relative pres-
sure measurement has to be used instead. Once stored, ions
are gradually neutralized due to collisions with the rest gas
and the number of ions stored undergoes an exponential
decay as a function of time after injection. This decay rate
of the ion beam is assumed to be inversely proportional
to the rest gas pressure and is used as a relative pressure
measurement. The decay of the ion beam is measured with
a multi-channel plate connected to the CRYRING storage
ring.
The extrapolations of the decay rates to zero pressure
were made in two Stern-Vollmer plots shown in Figs. 4 and
5. The data were fitted with a linear fit weighted against the
inverse uncertainty in each data point. The uncertainty of
the extrapolated pure radiative decay rate is given as the
standard deviation of the fit in the corresponding Stern-
Vollmer plot.
2.1.2. Repopulation
Collisional excitation of ground state ions into metastable
levels, referred to as repopulation, is usually corrected for
when using the LPT for lifetime measurements, see e.g.
Royen et al. (2007). An attempt to measure the repopula-
tion in this study was made but the signal was below the
background level of approximately 5 photons per second
which makes the collisional excitation effect negligible. The
production of metastable ions at the time of ion injection
was monitored and showed stable conditions throughout
the experiment. Decay curves for the populations of the
two levels are shown in Figs. 2 and 3 together with the fit-
ted curves used to determine the lifetimes of the levels. The
standard deviation of each fit was used as the uncertainty
in the particular lifetime curve.
2.2. Astrophysical branching fractions for a 4G11/2
The intensity of an emission line is proportional to the prod-
uct NA where N is the population of the upper level and
A is the transition rate of the transition. For lines having
the same upper level the observed photon intensity is pro-
portional to the transition rate. Together with Eq. 2 this
relates the BF to the measured intensities for all the decay
channels from a single upper level:
BFik =
Aik∑
k Aik
=
Iik∑
k Iik
(4)
For electric dipole transitions, the branching fractions
are often determined using a standard laboratory light
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Fig. 2. Observed population decay curve of the
3d6(3D)4s b 4D1/2 level.
source with a high-density plasma and high resolution spec-
trometer. However, the A-value of a forbidden line is typi-
cally 106 − 109 times lower than the A-value of an allowed
transition which makes the forbidden lines too weak to be
observed in the spectrum of a standard laboratory source.
To observe strong forbidden lines the ions must be kept in a
low-density plasma environment, to minimize the collisional
deexcitation (quenching), and in a large volume, to get a
critical number of ions. Low density astrophysical plasmas
fulfil these criteria, and their spectra often show strong for-
bidden lines. In particular, the spectra of the Weigelt blobs
in Eta Carinae are rich in forbidden transition from the
iron group including the [Fe ii] 4243 and 4346 A˚ lines and
Weigelt blob spectra observed by HST STIS have been used
in this study. A great advantage of using HST STIS is the
high angular resolution (0.′′1) which minimizes the contri-
bution from surrounding regions. In addition, the spectrum
of the Weigelt blobs has been studied in great detail (e.g.
Zethson 2001), which decreases the uncertainty from blend-
ing lines or misinterpretations of spectral features.
Astrophysical BF s have similar uncertainties to lab-
oratory measurements including uncertainties in the in-
tensity measurements, intensity calibration and unobserv-
able lines (Sikstro¨m et al. 2002). Additional uncertainties
include corrections for interstellar reddening and blend-
ing from other spatial regions along the line of sight.
Furthermore, a standard reddening curve was used to cor-
rect for redding. However, the redding effect was found to
be only a few percent because the lines are separated by a
relative narrow wavelength range of 100 A˚. The uncertain-
ties have been treated in accordance with the guidelines
the National Institute of Standards and Technology, USA
(Taylor & Kuyatt 1994).
3. Results
A summary of the lifetime measurements and a comparison
to theoretical values in the literature is given in Table 1. For
the 3d6(3G)4s a 4G11/2 level τ = 0.75 ± 0.10 s and for the
3d6(3D)4s b 4D1/2 level τ = 0.54±0.03 s. Theoretical calcu-
lations indicate that unobserved branching transitions for
the a 4G11/2 level constitute less than 4% of the total BF
(Quinet et al. 1996). The large relative uncertainty associ-
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Table 1. Experimentally determined lifetimes of metastable levels in Fe ii. The uncertainties are given in brackets.
τ (s)
Configuration Term This work Ref. [1] Ref. [2] Ref. [3] Ref. [4] Ref. [5] Ref. [6] Ref. [7]
3d54s2 a 6S5/2 0.23(3) 0.326 0.235 0.262 0.220 0.222
3d6(3G)4s a 4G11/2 0.75(10) 0.852 0.774 0.704
3d6(3G)4s a 4G9/2 0.65(2) 0.856 0.755 0.694
3d6(3H)4s b 2H11/2 3.8(3) 10.1 6.59 5.20
3d6(3D)4s b 4D1/2 0.54(3) 0.677 0.630 0.550
3d6(3D)4s b 4D7/2 0.53(3) 0.618 0.567 0.500
References: [1] Rostohar et al. (2001) (Experimental)
[2] Hartman et al. (2003) (Experimental)
[3] Garstang (1962) (Calculated)
[4] Nussbaumer et al. (1981) (Calculated, Superstructure code)
[5] Quinet et al. (1996) (Calculated, Superstructure)
[6] Quinet et al. (1996) (Calculated, relativistic Hartree-Fock)
[7] Hartman et al. (2003) (Calculated, CIV3 code)
Table 2. Experimentally determined transition probabilities compared to theoretical values from a 4G11/2.
Transition A (s−1)
λair (A˚) This work Quinet et al. (1996 )
SST HFR
a4F9/2 - a
4G11/2 4243.97 1.05(15) 1.02 1.12
a4F7/2 - a
4G11/2 4346.85 0.25(5) 0.23 0.25
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Fig. 3. Observed population decay curve of the
3d6(3G)4s a 4G11/2 level.
ated with the a 4G11/2 lifetime is due to a lower number of
photon counts per second compared to the detection of flu-
orescence following excitation from the b 4D1/2 level. This
is mainly due to the difference in the A-values of the two
probing transitions used, see Fig. 1, which differ by almost
two orders of magnitude. The experimental conditions not
associated with the internal structure of the atomic system
(i.e. laser power, background pressure, ion current, optical
alignment etc.) remained very similar during the two life-
time measurements.
We have measured astrophysical BF s for lines from
a 4G11/2, from which the strongest decay channels are to
a 4F at 4243 and 4346 A˚. The transitions from b 4D1/2
are distributed over a larger wavelength region than transi-
tions from a 4G11/2, and many of the lines are blended with
other lines making the intensity measurements uncertain.
Therefore we could not derive BF s for lines from this level.
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Fig. 4. Stern-Vollmer plot showing the decay rate of the
3d6(3D)4s b4D1/2 level population as a function of pressure.
The experimental A-values are given in Table 2, along with
uncertainties and comparisons to calculations. The agree-
ment with the values by Quinet et al. (1996) is within our
uncertainties. We estimate the uncertainty of the BF s to
6-12%, including the uncertainties in the intensity measure-
ment, calibration, reddening and residual lines.
4. Discussion
The relativistic Hartree-Fock (HFR) calculations by
Quinet et al. (1996) show the best general agreement with
the experimental values presented in this and previous
studies. The agreement is good with the exception of the
b 2H11/2 level (Rostohar et al. 2001) which differs by 5σ.
This deviation has been explained by Hartman et al. 2003
as an effect of level mixing between the b 2H11/2 and
the a 4G11/2 levels. In addition, this mixing has been ob-
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Fig. 5. Stern-Vollmer plot showing the decay rate of the
3d6(3G)4s a4G11/2 level population as a function of pres-
sure.
served by Johansson (1978) through unexpected spin for-
bidden spectral lines, e.g. the b 2H11/2 - z
6F9/2 transition
at 6269.97 A˚.
Comparison of the theoretical lifetime values in Table 1
for a 4G11/2 and b
2H11/2 indicate that the lifetime of the
a 4G11/2 level should be approximately one tenth of the
lifetime of b 2H11/2. However, the experimental values re-
veal that the a 4G11/2 level is only one fifth of the lifetime
for b 2H11/2 indicating that the mixing effect can be ob-
served in the lifetimes. Calculations are sensitive to level
mixing and performing ab initio calculations which repro-
duce the mixing properties of the system is not trivial. This
is illustrated in Nahar & Pradhan (1994), Nahar (1995),
Hibbert & Corre´ge´ (2005), Corre´ge´ & Hibbert (2006) and
Pickering et al. (2002). In particular, Pickering et al.
(2002) emphasized that even though the agreement between
the theoretical and experimental Fe ii A-values investigated
Pickering et al. (2002) are in general extremely good, prob-
abilities related to spin forbidden transitions that occur due
to level mixing may differ by up to an order of magnitude.
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